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ABSTRACT ATP-sensitive K + (K AXP ) channels are 
unique metabolic sensors formed by association of 
Kir6.2, an inwardly rectifying K + channel, and the 
sulfonylurea receptor SUR, an ATP binding cassette 
protein. We identified an ATPase activity in immu- 
noprecipitates of cardiac K AXP channels and in puri- 
fied fusion proteins containing nucleotide binding 
domains NBD1 and NBD2 of the cardiac SUR2A 
isoform. NBD2 hydrolyzed ATP with a twofold 
higher rate compared to NBD1. The ATPase re- 
quired Mg 2+ and was insensitive to ouabain, oligo- 
mycin, thapsigargin, or levamisole. K1348A and 
D1469N mutations in NBD2 reduced ATPase activity 
and produced channels with increased sensitivity to 
ATP. K AXP channel openers, which bind to SUR, 
promoted ATPase activity in purified sarcolemma. At 
higher concentrations, openers reduced ATPase ac- 
tivity, possibly through stabilization of MgADP at the 
channel site. K1348A and D1469N mutations attenu- 
ated the effect of openers on K ATP channel activity. 
Opener-induced channel activation was also inhib- 
ited by the creatine kinase/creatine phosphate sys- 
tem that removes ADP from the channel complex. 
Thus, the K AIP channel complex functions not only 
as a K + conductance, but also as an enzyme regulat- 
ing nucleo tide-dependent channel gating through an 
intrinsic ATPase activity of the SUR sub unit. Modu- 
lation of the channel ATPase activity and/or scav- 
enging the product of the ATPase reaction provide 
novel means to regulate cellular functions associated 
with K ATP channel opening. — Bienengraeber, M., 
Alekseev, A. E., Abraham, M. R., Carrasco, A. J., 
Moreau, C, Vivaudou, M., Dzeja, P. P., Terzic, A. 
ATPase activity of the sulfonylurea receptor: a cata- 
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Channel families are diversified through forma- 
tion of heterom til time ric complexes, where distinct 



siibunits combine to form functional channels (1- 
4). In this way, ATP-sensitive (K AXP ) channels are 
formed by association of an inwardly rectifying K 4 " 
channel, Kir6.2, with the ATP binding cassette 
(ABC) protein, the sulfonylurea receptor SUR (5, 6). 
Originally discovered in the heart (7), K ATP channels 
transduce cellular metabolic signals into membrane 
potential changes and regulate critical cellular func- 
tions, including cytoprotection (8-11). Although 
SUR confers metabolic sensing to the K ATP channel 
complex by serving as a binding site for adenine 
nucleotides (12, 13), it is unknown whetiier intrinsic 
properties of this protein promote nucleotide ex- 
change and thereby contribute to channel gating. 

SUR, including the cardiac SUR2A isoform, pos- 
sess two nucleotide binding domains, NBD1 and 
NBD2, located between the eleventh and twelfth 
transmembrane regions and at the carboxyl termi- 
nus of the protein (14, 15). A common feature of 
ABC proteins is that NBDs contain conserved Walker 
motifs that form nucleotide binding pockets (16- 
18). Mutations in these domains cause life-threaten- 
ing diseases such as persistent hyperinsulinemic hy- 
poglycemia of infancy or Tangier disease, a disorder 
of lipid metabolism (19-21). Mutations of key resi- 
dues in SUR, which preclude nucleotide binding 
and/or hydrolysis in other ABC transporters (22, 
23), alter the responsiveness of K ATP channels to 
endogenous channel ligands, ATP and ADP (24, 25). 
These mutations also impede channel activation by 
K AIP channel opening drugs (25-27). MgADP, inter- 
acting through NBDs, may stabilize an 'activated' 
state of SUR associated with a reduced sensitivity of 
the K ATP channel complex to inhibition by ATP (18, 
26, 28) . Although it has been proposed that this SUR 
state could result from Mg ATP hydrolysis (18, 26, 
28), such a catalytic function for NBDs in K ATP 
channels has not been demonstrated. 

We report that NBDs in SUR2A harbor an ATPase 
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activity that determines the sensitivity of K ATP chan- 
nels to ATP and is modulated by potassium channel 
openers. This intrinsic property, reduced by muta- 
tions in Walker motifs, contributes to K AXP channel 
activation by favoring catalytic conversion of nucleo- 
tides at the channel site. Assigning a catalytic activity 
to the sulfonylurea receptor subunit indicates that 
the cardiac K ATP channel complex functions not 
only as a K + conductance, but also as an enzyme 
regulating channel gating. 

A preliminary account of this work has been 
published in abstract form (29). 



MATERIALS AND METHODS 

ATPase activity in nucleotide binding domains 

Nucleotide binding domains (Fig. LA) NBD1 (Ser^^Ser 884 ) 
and NBD2 (Gly 13 ° 6 -Thr 1498 ) were amplified by polymerase 
chain reaction from rat SUR2A cDNA (15) and cloned 
in-frame with the maltose binding protein (MBP) coding 
sequence in pMal-c2 (New England Biolabs, Beverly, Mass.). 
The identity of fusion constructs was confirmed by DNA 
sequencing. NBDs were expressed in Escherichia coli TBI 
induced with 0.1 raM isopropyl-p-D-thiogalactoside (IPTG) 
and fusion proteins were purified by affinity chromatography 
on an amylose resin in (in mMj 200 NaCl, 1 EDTA, 0.2 PMSF 
and 20 Tris (pH 7.4). Mutated NBDs (Lys 1348 to alanine 
and/or Asp 14 to asparagine) were constructed in pMal-c2 by 
site-directed mutagenesis (QuickChange, Stratagene, San Di- 
ego, Calif). ATPase activity of NBDs ( 10 u.g) was measured by 
monitoring production of [ 32 P]Pi from 1 fiCi [7- 32 P]ATP 
(30) in 34 mM KC1, 4 mM MgCU, 50 mM HEPES (pH 7.4), 
and 4 mM ATP (4 h; 37°C). Using polyethylenimine cellulose 
thin layer chromatography plates (Sigma, St. Louis, Mo.), 
nucleotides were resolved by ascending chromatography with 
0.75 M KH 2 P0 4 and quantified with a Phosphorlmager and 
ImageQuant software (Molecular Dynamics, Sunnyvale, Cal- 
if.). ATPase activity was confirmed by measuring ADP forma- 
tion using high-performance liquid chromatography (HPLC) 
and a spectro photometric coupled enzyme assay (31). 

ATPase activity in K ATP channel immunoprecipitates 

K ATP channels were immunopreci pita ted from guinea pig 
heart membranes with a Kir6.2 antibody (32). Cardiac mem- 
branes (400 pig) were solubilized in an immunopreci pitation 
buffer (IP in mM: 50Tris-HCL 150 NaCl, 5 EDTA, 50 NaF; pH 
8.3) and incubated with a Kir6.2 antibody (raised in rabbit 
against amino acids N19-32C of rat Kir6.2). The resulting 
antibody/K. AT1 , channel complex was precipitated with pro- 
tein A Sepharose. After washes in IP buffer with 1% Nonidet 
P-40, 1 mM PMSF, 10 mg/ml leupeptin, and phosphate- 
buffered saline (PBS), samples were centrifuged and resus- 
pended in PBS buffer. The amount of SUR2A protein was 
calculated assuming a density of 5 K >vrp channels/pm 2 of 
cardiac membrane (33) and an immunoprecipitation effi- 
ciency of 10% (34). To measure ATPase activity, channel 
immunoprecipitates or corresponding controls were incu- 
bated with 2 mM ATP and 2 mM MgCl 2 for 20 h at 37 3 C while 
shaken at 170 rpm. The reaction was stopped by HC10 4 (2 
niM), and kept on ice for 5 min. Proteins were precipitated by 
centrifugation at 15,000 g (4°C, 5 min). Supernates were 
neutralized with 2 VI K 2 C0 3 ; upon removal of potassium 
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Figure 1. ATPase activity in nucleotide binding domains of 
the Kvrp channel subunit SUR2A. A) NBDl (Ser^-Scr 881 ) 
and NBD2 (Gly l306 -Thr 1498 ) of SUR2A were subcloned into 
pMal-c2 plasmid in-frame with maltose binding protein 
(MBP). A and B: Walker A and B motifs, L: linker sequence. 
SDS/PAGE shows Coomassie blue-stained proteins from ly- 
sates of E. coli transformed with constructs containing MBP- 
NBD1 or MBP-NBD2. In contrast to uninduced cells (UI), 
induction by I mM IPTG (I) produced a prominent band 
corresponding to MBP-NBD1 \-^>) or MBP-NBD2 (<-). Fu- 
sion proteins with NBDl or NBD2 were purified (purif.) from 
lysates by affinity chromatography using an amylose resin. 
Purified MBP alone migrated at the expected size (43,000 
kDa). B) ATPase activity in NBDl and NBD2. The generation 
of [ 32 P]Pi from [7- 32 P]ATP was analyzed by thin-layer chro- 
matography, followed by audioradiography with an image 
analyzer. Lane 1: MBP; lane 2: MBP-NBD1; lane 3: MBP- 
NBD2; lane 4: blank. C) Average ATPase activity for MBP, 
MBP-NBD1, and MBP-NBD2 (n=6-8 different prepara- 
tions). D) Michaelis-Menten plot defining the ATPase activity 
of NBD2 (V' mHX 35.4 nmol/min/mg and K m of 4.4 mM). /:/ 
ATPase activity of NBD2 is diminished by removal of Mg 2 "*~ 
from the incubation medium. Neutralization of the lysine 
(K1348A) in the Walker A motif of the binding fold alone or 
in combination with additional mutation of aspartate 
(D1469A) in the Walker B motif decreased the NBD2 ATPase 
activity. 



perchlorate precipitate, adenine nucleotides were deter- 
mined by HPLC (31). 

ATPase activity in cardiac membranes 

Purified cardiac membranes were isolated as described (35). 
Hearts from guinea pigs (0.2-0.3 kg), anesthetized with 
pentobarbital (75 mg/kg), were homogenized in hypotonic 
buffer (in mM: 10 HEPES, I EGTA, 1 DTT, 1 aprotiniu, 0.2 
phenyimethylsulfonyl fluoride, and 1 |j.g/ml leupeptin; pH 
7.4) and spun at 5000 g (4°C, 15 min). Supernatant was 
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centrifuged at 100,000 g (4°C, 1 h) and membrane pellets 
were suspended by sonication in (in mM) 20 HE PES (pH 
7.4), 140 NaCl, 5 KCI, 2 MgCt 2 , 0.5 dithiothreitol, 1 aprotinin, 
0.2 phenylmethylsulfonyl fluoride, and 2 p.g/ml leu pep tin. 
Sarcolemmal fraction was purified by sucrose density gradient 
centrifugation, and the degree of enrichment was deter- 
mined based on Na, K-ATPase activity (36). Nascent ADP 
produced by ATPase activity was detected using a spectropho- 
tometric coupled enzyme assay (31). Reaction medium con- 
tained (in mM) 50 Tris-HCl (pH 7.5), 50 KCI, 2 MgCl 2 , 2 
dithiothreitol, 2 phosphoenolpyruvate, 0.15 NA0H, 0.2 
ouabain, 10 levamisole, 10 U/ml pjTuvate kinase, 10 U/ml 
lactate dehydrogenase, and 10-20 u,g membrane protein. 
Release of inorganic phosphate (PJ, the other product of 
ATPase activity, was measured by spectrophotometry using an 
EnzChek Phosphate Assay kit (Molecular Probes, Eugene, 
Oreg.). Incubation medium contained (in mM) 50 Tris-HCl 
(pH 7.5), 0.2 MESG substrate, 2 ATP, 2 MgCU, 2 didiiothre- 
itol, 0.2 ouabain, 10 levamisole, and 5 U/ml purine nucleo- 
side phosphorylase. 

Recording of cardiac K ATP channels 

Electrophysiological recordings were performed in ventricu- 
lar myocytes dissociated from guinea pig hearts (37). Pipettes 
(-7-10 MCI) were filled with (in mM) KCI 140. CaCl 2 1, 
MgCl., 1, HEPES-KOH 5 (pH 7.3). For the insidenjut config- 
uration, cells were superfused with 'internal solution' (in 
mM): KCI 140, MgCl 2 1, EGTA 5, HEPES-KOH 5 (pH 7.3). 
For the open cell-attached patch, 'internal solution' was 
supplemented with glucose (1 g/1), malic acid (5 mM), and 
pyruvic acid (5 mM). After seal formation, the open cell- 
attached configuration was obtained by applying digitonin (8 
u-g/ml) through a second pipette (filled with 5 jxg/ml 
propidium iodide and 0.5 jxg/ml rhodamine). Solution flow 
was visualized by rhodamine under ultraviolet light; staining 
the cell nucleus with propidium iodide served as a criterion 
for sarcolemmal pemieabilization. For whole-cell recording, 
pipettes (—-5 Mfl) were filled with 'internal solution' plus 4 
mM ATP, and cardio myocytes superfused with Tyrode (in 
mM): NaCl 136.5, KCI 5.4, CaCU 1.8, MgCl 2 0.53, glucose 5.5, 
HEPES-NaOH 5.5 (pH 7.4). Whole-cell currents were ob- 
tained in response to 1 s rectangular pulses from a holding 
potential of —50 mV to 0 mV. Channel activity was expressed 
as NP 0 , where N represents the number of channels and P 0 
the open channel probability. Concentration-dependent re- 
lationships were expressed in relative terms as NP 0 values 
measured in the presence vs. absence of a channel inhibitor 
and fitted with the Hill equation (37). Single-channel analysis 
was performed as described (37, 38). 

Recording of recombinant K ATP channels 

KirG.2 (5) and SUR2A (15), subcloned into a pGEMHE vector 
(25), were amplified and transcribed using the T7 mMessage 
mMachine kit (Ambion, Austin, Tex.). Mutagenesis of Lys 1Mtt 
to methionine or Asp 1469 to asparagine in SUR2A was done in 
the pGEMHE-SUR2A plasmid (QuickChange, Stratagene). 
cRNAs coding Kir6.2 (2 ng) and SUR2A (6 ng) were coin- 
jected into defoliculated Xenopus laevis oocytes (25, 39). 
Recombinant K ATP channel currents were subsequently re- 
corded in inside-out membrane patches (25, 39) using pi- 
pettes (2-10 Mft) containing (in mM) 154 K^ f 146 Cl~, 5 
Mg 2+ , and 10 PIPES-KOH (pH 7.1). The cytoplasmic face of 
the patch was bathed in (in mM) 174 K + , 40 Cl~, I Mg*% 1 
EGTA, 10 PIPES-KOH (pH 7.1), and methanesulfonate". 
Membrane potential was maintained at —50 mV. 



Statistical analysis 

Results are expressed as mean ± sk; n refers to the number of 
samples from different preparations used in each analysis. 
Significant differences for unpaired samples were assessed by 
Student's t test. Difference at P<0.0o was considered signifi- 
cant. 



RESULTS 

ATPase activity in nucleotide binding domains of 
the sulfonylurea receptor 

Nucleotide binding domains of the sulfonylurea 
receptor SUR bind ATP (18). NBD1 and NBD2 of 
die SUR2A isoform were engineered in-frame with 
the MBP to facilitate purification (Fig. 1A). E. coli, 
transformed widi respective constructs and induced 
with IPTG, expressed a high yield of NBD1 and 
NBD2 fusion proteins detected at corresponding 
molecular weights on sodium dodecyl sulfa te-polyac- 
rylamide gel electrophoresis (SDS/PAGE; Fig. 1A). 
NBDs purified by affinity chromatography were ex- 
posed to -v-labeled [ 32 P] ATP and ATPase activity was 
measured by monitoring generation of [ 32 P]Pi (Fig. 
IB). The estimated ATPase activity was 9. 1 ± 0.6 and 
17.9 ± 1.0 nmol Pj/min/mg for NBD1 (n=5) and 
NBD2 (?i=7) fusion constructs, respectively (Fig. 
1Q. These values were significantly (/ > <0.01) differ- 
ent between each other and higher than 3.2 ± 0.9 
nmol Pi/min/mg (n=7) measured in samples con- 
taining MBP alone (Fig. IQ. The ATPase acdvity of 
NBD1 and NBD2 was further confirmed by following 
ADP formation using HPLC and spectrophotometry 
(not illustrated). Either approach consistently dem- 
onstrated a signihxandy higher ATPase acdvity in 
NBD2 compared to NBD1 fusion proteins. The 
ATPase activity in NBD-con raining samples was in- 
sensitive to inhibitors of conventional ATPases and 
phosphatases, ouabain (1 mM), oligomycin (10 u,g/ 
ml), thapsigargin (0.1 mg/tnl), and/or levamisole 
(10 mM). The ATPase acdvity of NBDs was depen- 
dent on ATP concentration (Fig. ID). For the most 
active NBD2, the Michaelis-Menten plot exhibited a 
Knax °f 35.4 nmol/min/mg and an apparent K m of 
4.4 mM (Fig. I/)). Removal of Mg 2+ , a cofactor in the 
ATPase reacdon, reduced the ATPase activity (Fig. 
IE). Site-directed mutagenesis of the lysine residue 
(K1348A), in the signature Walker A motif of NBD2, 
reduced ATPase acdvity (Fig. IE). This catalytic 
activity was further diminished in the double NBD2 
mutant in which the Walker A lysine 1348 moiety was 
mutated in combination with the Walker B aspar- 
tate 1469 (K1348A+D1469N). Thus, nucleotide bind- 
ing domains in the sulfonylurea receptor, primarily 
NBD2, possess intrinsic ATPase activity. 
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Figure 2. ATPasc activity of the K AXP channel complex. A) 
HPLC chromatogram showing increased ADP generation 
from ATP in cardiac sarcoleminaJ Kir6.2-immu no precipitates 
(IP) compared to preimmune control serum (C). Inset: 
Immunoblot of cardiac sarcolemma probed with a monoclo- 
nal SUR2A antibody in the absence (lane 1) or after immu- 
noprecipitation by a Kir6.2 antibody (lane 2). In the control 
lane 3, the secondary rabbi t-IgC-HRP antibody cannot recog- 
nize a protein in Kir6.2 immunoprecipitates in the absence of 
the primary SUR2A antibody. B) Activation of the creatine 
kinase-catalyzed, AD P-re moving system by creatine phosphate 
(CrP) increases the sensitivity of native cardiac K ATP chan- 
nels. Current record was obtained in open cell-attached 
patches at a holding potential of —60 mV. C) Concentration- 
response curve for ATP-induced inhibition of cardiac K ATP 
channels in inside-out patches in the absence of the CrP/ 
creatine kinase system (filled circles) and in open cell- 
attached patches with 1 mM CrP (open circles). D) Sensitivity 
of recombinant wild-type and mutant cardiac K ATP channels 
toward ATP (100 jjlM). Wild-type Kir6.2/SUR2A («=8) was 
inhibited by 70% relative to channel activity in the absence of 
ATP, whereas Kir6.2 coexpressed with mutant K1348M (n=6) 
or D1469N (n=6) SUR2A was inhibited by roughly 90% of 
control activity. Currents in each condition were obtained in 
inside-out patches after expression in oocytes. 

ATPase activity of the K ATP channel complex 
regulates channel sensitivity to ATP 

SUR2A associates with Kir6.2 to form cardiac K ATP 
channels (15, 32). Accordingly, a Kir6.2 antibody 
(11) coimmunoprecipitates both Kir6.2 and SUR2A 
subunits from cardiac sarcolemma (Fig. 2A, inset). In 
immunoprecipitates of K ATP channel proteins, 
ATPase activity- was assayed by HPLC (Fig. 2A). 
Consistent with enzymatic activity of K ATP channels, 
immunoprecipitates of the channel complex con- 



verted ATP into ADP, with an ATPase activity esti- 
mated at 31 ± 8 nmol ADP/min/mg (w=7). Such 
ATPase activity could catalyze local hydrolysis of 
ATP, and thereby promote K ATP channel opening. 
Indeed, 10 uM ATP failed to inhibit native cardiac 
K ATP channels (40) under conditions of unimpeded 
ATPase activity (Fig. 2B). However, when the prod- 
uct of the ATPase reaction, ADP, was continuously 
removed through creatine phosphate (CrP) -acti- 
vated creatine kinase (41), 10 uM ATP suppressed 
K ATP channel opening (Fig. 2B). In fact, in the 
presence of CrP, the IC 50 for channel inhibition was 
reduced by over threefold, from 25.1 ± 1.4 /xM 
(n=9) to 7.4 ± 0.4 pJVI (n=4; Fig. 2Q. Moreover, 
mutations of the Walker A lysine 1348 and Walker B 
aspartate 1469 , which reduce ATPase activity of NBD2 
(Fig. 1£), produced recombinant K ATP channels with 
a higher sensitivity to ATP (100 |xM) compared to 
wild-type Kir6.2/SUR2A (Fig. 2D). Thus, the ATPase 
activity of K ATP channels regulates the channel re- 
sponsiveness to ATP. 

Potassium channel opener-induced ATPase activity 

Potassium channel openers bind to SUR and promote 
K AXP channel opening by reducing channel sensitivity 
to ATP (39, 42-45). In cardiac sarcolemma, the suxic- 
turally distinct potassium channel openers rilmakalim 
(10 jaM), pinacidil (50 uM), cromakalim (100 uM), 
diazoxide (100 |xM), and nicorandil (100 |xM) pro- 
moted hydrolysis of ATP into ADP, indicating activa- 
tion of ATPase activity (Fig. SA). Depending on the 
potassium channel opener tested, opener-induced 
ATPase activity ranged from 28 to 132 nmol * min -1 * 
mg protein" 1 above the basal membrane ADP-gener- 
ating capacity (Fig. 3A). Opener-induced ADP genera- 
tion was associated with increased liberation of inor- 
ganic phosphate, the other product in the ATPase 
reaction. In die presence of a representative potassium 
channel opener, rilmakalim (10 |xM), the ATPase 
activity calculated by increased inorganic phosphate 
(P^ generation was 139 ± 8 nmol P { * min -1 • mg 
protein -1 (n=6), a value similar to that obtained from 
ADP-generation measurements (114±6 nmol ADP * 
min" 1 • mg protein -1 ; n=10). Opener-induced in- 
crease in ATPase activity required Mg 24 ". However, it 
was not inhibited by ouabain (200 p-M), oligomycin (1 
fxg/ml), and/or levamisole (10 mM). Corresponding 
rilmakalim-induced ATPase activities were 139 ± 10, 
1 19 ± 8, and 118 ± 9 nmol • min -1 ■ mg protein -1 with 
ouabain (n=4), oligomycin (n=4) and levamisole 
(n—4) alone, and 111 ± 6 nmol ■ min -1 ■ mg protein -1 
(n=4) in the presence of a mixture containing all three 
conventional ATPase and phosphatase inhibitors. This 
suggests diat the effect of openers on ADP and Pi 
generation is not due to activation of sarcolemmal 
N^K-ATPase, mitochondrial F^-ATPase, or alkaline 
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Figure 3. Potassium channel openers modulate ATPase activity. A) Potassium channel opener (KCO) -activated ATPase activity 
in cardiac sarcolemma. Rilmakalim (10 jjlM), pinacidil (50 u.M), cromakalim (100 |xM), diazoxide (100 u.M) and nicorandil (100 
\xM) increased ATPase activity measured as ADP generation using a spectropho to metric method. Basal sarcolemma! ATPase 
activity was 646 ± 9 nmol ADP • min _! • mg protein -1 (n=10). Number of experiments for each opener is shown in parentheses. 
B) Bell-shaped concentration-dependent relationship of rilmakalim-induced K An - P channel opening correlates with the 
concentration-dependent relationship of rilmakalim-mediated activation of ATP hydrolysis. Opener-induced channel activity 
was measured in whole-cell (open squares) and inside-out (open circles) patches, and expressed relative to the left scale. 
Opener-induced ATPase activity (filled circles) was estimated by ADP generation and expressed relative to the right scale. C) 
Reduced effect of rilmakalim on recombinant cardiac K AXP channels with mutations suppressing ATPase activity. Current traces 
obtained from oocytes coexpressing Kir6.2 with wild-type SUR2A (WT) or SUR2A mutants K1348M or D1469N. D) Average 
values of patch current measured in the presence of ATP (100 \lM) before and after application of rilmakalim (10 u.M) for 
wild-type (n=8), K1348M (n=6), and D1469N (n-6) SUR2A. Currents in each condition were obtained in inside-out patches, 
and normalized to the current in the absence of ATP obtained by linear extrapolation of values measured before and after 
opener application. 



phosphatase. In contrast, 10 jjlM rilmakalim failed to 
promote ATPase activity in the presence of 10 mM 
azide, an inhibitor of ATPase activity in purified ABC 
proteins (46). The effect of openers on cardiac mem- 
brane ATPase activity was concentration dependent; 
widi rilmakalim, maximal activation was observed be- 
tween 10 and 20 julM (Fig. 3 /J). Beyond diis concentra- 
tion die opener was less effective (Fig. 3#), and at 200 
to 500 uM could inhibit membrane ATPase activity by 
15 to 35%. Within the concentration range from 0.1 to 
100 (jlM, the bell-shaped dependence of rilmakalim- 
induced ATPase activity closely correlated with die 
concentration dependence of K ATP channel activation 
(Fig. 3£). Mutations in SUR2A that suppressed ATPase 
activity (Fig. 1£) also reduced the ability of rilmakalim 
(10 u,M) to activate K AXP channels inhibited by ATP 
(Fig. 3C, D). Rilmakalim vigorously activated wild-type 
Kir6.2/SUR2A, and was four- to fivefold less effective 
after mutations in Walker A lysine 1348 and Walker B 
aspartate 1469 , respectively (Fig. 3C, D). Thus, potassium 
channel openers modulate ATPase activity and muta- 



tions that reduce such catalytic activity reduce opener- 
mediated channel activation. 

Openers mimic ADP-induced K AT1 > channel 
behavior 

At the single-channel level, the product of the 
ATPase reaction, ADP, induces a readily recogniz- 
able pattern of K AXP channel transitions between 
open and closed conformations (37). ADP (0.1 mM) 
had no effect on intraburst transitions (C l <-> O; rates 
k ol and k l0 ), but slowed burst closure (rate k 02 ) and 
diminished lifetime in long-lasting (C 2 <-» C 3 ) closed 
states (accelerated rates k 20 and k 32 , and reduced 
rate k 23 ; Fig. 4A, B). This pattern was associated with 
burst prolongation (from 1.3 s in the absence to 3.9 s 
in the presence of ADP) and shortened interburst 
events leading to increased open channel probability 
(from 0.22 to 0.62; Fig. 4A). Similarly to MgADP, 
rilmakalim (10 jaM) and pinacidil (50 u,M) also did 
not affect intraburst transitions (rates k 01 and k 10 ; 
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Figure 4. ADP and potassium 
channel openers produced sim- 
ilar changes in K ATP channel 
kinetics. A) Representative K AXP 
channel records measured at 
+60 mV holding pipette poten- 
tial. Four states kinetic schemes, 
with calculated rates of transi- 
tion, are presented on the right 
of each corresponding channel 
record. B) ADP and potassium 
channel openers (rilmakalim 
and pinacidil) produced similar 
changes in transition rates de- 
fining K ArP channel kinetic be- 
havior. Changes in rates pro- 
duced by ADP and openers are 
presented as a relative slowing 
with regard to values obtained 
in the presence of ATP alone 
(n—3 for each experimental 
condition). 
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Fig. 4A, /*). Like ADP, both openers slowed and 
k 23 while accelerating k 20 and k 32 (Fig- 4 A, B). This 
prolonged burst duration (from 0.17 to 0.46 s for 
rilmakalim and from 0.05 to 0.17 s for pinacidil) 
shortened interburst events and increased open 
channel probability (from 0.28 to 0.84 and from 0.1 1 
to 0.54, respectively). Thus, openers and MgADP 
induce the same profile of K ATP channel conforma- 
tional transitions associated with channel activation. 

Creatine kinase regulates opener-induced K AXP 
channel opening 



removal, as responsible for inhibition of rilmakalim- 
and pinacidil-induced channel activity. This effect of 
CrP was abolished by 0.1 mM 2-4-dinitrofluoroben- 
zene (DNFB), an irreversible creatine kinase inhibi- 
tor (Fig. 5D, £). Application of exogenous creatine 
kinase (0.2 mg/ml) restored the ability of CrP to 
suppress opener-induced K AXP channel activity (Fig. 
5£>, E). Thus, the efficacy of potassium channel 
openers to activate K ATP channels is determined by 
the availability of a reaction system capable of scav- 
enging ADP, the product of the ATPase reaction. 



Creatine kinase, which catalyzes ADP phosphoryla- 
tion in the MgADP 4- CrP <-» creatine + MgATP 
reaction, provides the major phosphotransfer path- 
way in the heart (31). After sarcolemmal permeabi- 
lization, which results in loss of cellular CrP and 
creatine kinase-dependent ADP utilization, millimo- 
lar concentrations of ATP were required to inhibit 
K ATP channels (Fig. 5A). Under such conditions, 
rilmakalim (10 uM; Fig. 5A) and pinacidil (50 uM) 
readily reversed ATP-inhibited channel activity. On 
average, K AIP channel activity in the presence of 
openers (NP 0 = 4.9 ±0.6; n=35 and 4.5±0.9; n=15, 
respectively) was similar to that obtained in the 
absence of ATP (4.9±0.4; n=53). In fact, more than 
10 mM ATP was required to abolish rilmakalim (10 
|xM) or pinacidil (50 u.M) -induced channel open- 
ing. However, the effect of openers was abolished by 
supplying CrP (Fig. 5 A, B). CrP antagonized the 
effect of distinct openers with the same potency (Fig. 
5Q, suggesting a common mechanism, such as ADP 



DISCUSSION 

This study provides direct evidence that the cardiac 
K ATP channel harbors an ATPase activity sensitive to 
potassium channel openers. This catalytic activity was 
identified in NBD2 and, to a lesser extent, in NBD1 
domains of the SUR2A subunit. Mutations in NBD2 
that reduced the ATPase activity increased the sen- 
sitivity of K ATP channels to ATP and attenuated the 
ability of openers to activate K ATP channels. This 
intrinsic enzymatic activity may thus contribute to 
the nucleotide- and opener-dependent gating of 



channels. 



In some ABC proteins, NBDs are known to contain ) 
ATPase activity critical for protein function (47-50). 
The ATPase intrinsic to ABC transporters has been 
proposed to serve as a switch between ATP- and 
ADP-liganded conformations and the energy of ATP 
hydrolysis implicated in supporting transport func- 
tion and ion conductance (17, 51). The SUR subunit 
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Figure 5. Creatine phosphate/ creatine kinase inhibits opener-induced K AXP channel activity. A) Opener-activated, ATP- 
inhibited channels in a cardio myocyte. Calculated (not shown) concentration dependence for ATP-induced channel 

inhibition (£,=0.27 ± 0.02 mM; h = 2.1 ± 0.27) was significantly shifted to the right by 10 u.M rilmakalim (K d =5.7 ± 0.5 mM; 
h = 2.4 ± 0.5) or 50 u,M pinacidil (K,= 2.4 ± 0.1 mM; h=2.3 ± 0.2). Creatine phosphate (CrP) inhibited the effect of opener. 
Alone, CrP did not significantly inhibit K ATP channel activity. B) CrP inhibited opener-induced K ATP channel activity in a 
concentration -de pen dent manner. C) The concentration-dependent relationship defining the CrP effect was indistinguishable 
in the presence of rilmakalim (open triangles, solid curve) or pinacidil (filled squares, dashed curve). Curves were constructed 
using a fit of experimental data (n=3 for each opener) by the Hill equation and characterized by a ^=83 ± 2 u.M (h=1.2 ± 
0.1) with rilmakalim (10 jxM) and 107 ± 9 u-M (h=l.l ± 0.1) with pinacidil (50 jjlM). D) DNFB, a potent inhibitor of creatine 
kinase, antagonized CrP inhibition of opener-induced K A - rp channel activity. Application of purified creatine kinase (CK) 
reversed the effect of DNFB. E) Average NP G values obtained in the presence of ATP (1 mM) plus a potassium channel opener 
(10 jjlM rilmakalim or 50 u,M pinacidil) as indicated under control conditions in the presence of creatine phosphate (CrP, 2 
mM), CrP plus DNFB (0.1 mM), and CrP plus purified creatine kinase (0.2 mg/ml). Data were averaged from five experiments 
under each condition. K AXP channel activity was measured in cardio myocytes, using the open cell-attached patch configuration, 
at a holding pipette potential of —60 mV. 



of the K ATP channel has been recognized for its role 
in channel trafficking and biogenesis (52, 53), as a 
receptor for pharmacological modulators (39, 43, 
44), and as a site for nucleotide binding (12, 13, 18, 
28, 54). The present demonstration of ATPase activ- 
ity in NBDs identifies a new property for SUR, 
supporting previous suggestions that such catalytic 
activity could serve as an underlying mechanism for 
the nucleotide regulation of K, XXP channels (18, 26, 
28, 55). 

The V max and K m for the ATPase in NBDs of 
SUR2A were within the range of values reported for 
ATPase activity of other ABC proteins ( 47, 56 L As in 
other ABC transporters (57), the K AXP channel 
ATPase activity was insensitive to inhibitors of F- or 
P-ATPase types, indicating that the SUR ATPase is 
distinct from conventional ATPases. Nevertheless, it 
required Mg 2 + , confirming the catalytic nature of 
ATP hydrolysis. Although mutations in conserved 
Walker motifs did not completely abolish ATPase 



activity, the rate of ATP hydrolysis was significantly 
decreased, parucularly for the double mutant 
K1348A+D1469N where amino acids in both Walker 
A and B were neutralized. Equivalent site-directed 
mutagenesis in Walker motifs of other ABC trans- 
porters also reduce their respective ATPase activities 
(47, 58, 59). 

Suppression of ATPase activity by mutations in 
Walker motifs of SUR2A increased the sensitivity of 
cardiac K AXP channels to ATP, as in the mutated 
SUR1 isoform (24). Furthermore, neutralizing the 
product of ATP hydrolysis, by the CrP/ creatine 
kinase phosphotransfer system, revealed a threefold 
higher K ATI , channel sensitivity to ATP (60). Thus, 
the intrinsic ATPase activity of K ATP channels sets the 
apparent ATP-sensitivity of the channel to a level 
lower than that expected in the absence of ATP 
hydrolysis. 

Potassium channel openers, which specifically 
bind to SUR (39, 43, 44), promoted ATPase activity. 
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The concentration dependence of opener-induced 
ATPase activity closely correlated with opener-in- 
duced K ATP channel activation. At higher concentra- 
tions, potassium channel openers inhibited ATPase 
activity while still producing K ATP channel activation 
(61). This apparent contradiction can be related to 
an opener-induced stabilization of MgADP in the 
active ATPase site after ATP hydrolysis (29). ADP 
trapping at the ATPase active site observed with 
conventional ATPase inhibitors (48) would keep the 
channel predominantly in the ADP-bound state, 
thereby promoting channel opening. As openers 
mimicked MgADP-induced K A - rP channel kinetic be- 
havior, this would support the proposed concept that 
activation of K ATP channels may be associated with 
ADP production and/or stabilization of the ADP- 
bound state at the SUR subunit (26, 28, 55). 

Mutations of conserved lysine to methionine 
(K1348M) and aspartate to asparagine (D1469N) 
residues in Walker A and B motifs of NBD2, which 
abolish channel activation by ADP (25), reduced 
rilmakalim-induced channel opening. This may be 
associated with partial inhibition of ATPase activity 
observed with such mutations or with the possibility 
that openers could act through an alternative path- 
way, including an ADP-independent mechanism. 
This is supported by the observation that analogous 
mutations in the SURl isoform abolished the effect 
of ADP, but only reduced the action of openers or 
metabolic stress on channel activity (27). 

Potassium channel opener-induced K AXP channel 
opening was inhibited by the CrP/creatine kinase 
system, which removes ADP from the channel site. 
Under this condition, due to relief of end-product 
inhibition, the ATPase reaction should proceed at an 
even higher rate (41, 62). Thus, the product of 
ATPase catalysis, ADP, rather than ATP hydrolysis/?^ 
se, appears to be essential for channel activation. By 
scavenging the ATPase product, creatine kinase 
would provide an efficient means of regulating K AXP 
channel behavior (41, 60, 63). In the heart, creatine 
kinase is the major phosphotransfer system whose 
flux is dramatically reduced under metabolic stress 
(31, 62). Here, inhibition of creatine kinase pro- 
moted K ATP channel activation by openers. The 
reported higher responsiveness of ischemic hearts to 
openers (64) could be the consequence of reduced 
creatine kinase flux early in ischemia, which would 
facilitate activation of K ATP channels and associated 
cardioprotective processes (65). Thus, the balance 
between ATP hydrolysis, through the opener-sensi- 
tive channel ATPase, and ADP removal, through the 
creatine kinase system, provides an integral mecha- 
nism of K ATP channel regulation under different 
cellular metabolic states. 

It should be noted that remov al of ADP by creatine - 
kinase is associated with ATP generation, which, if 



sufficient, could inhibit opener-induced channel ac- 
tivation. Inhibition of opener-induced K ATP channel 
activity would require —10 mM of ATP. Under our 
experimental conditions, such elevation of ATP is 
unlikely since the source for ATP regeneration is 
ADP resulting from intracellular ATP hydrolysis, and 
therefore the overall concentration of synthesized 
ATP, cannot far exceed 1 mM of ATP applied in the 
bath solution. Although activation of an ATP-re gen- 
era ting system, which removes ADP, may reduce 
opener binding to the cardiac SUR2A isoform (66), 
this has not been observed at co nee ntrations of 
nucleotides used in our experiments. Thus, loss of 
opener-induced channel activation in the presence 
of an ADP-scavenging system is apparently not due to 
an increase in the local ATP concentration or reduc- 
tion of opener binding. 

In summary, this study demonstrates that the 
cardiac K ATP channel complex possesses an ATPase 
activity found in NBDs of the SUR2A subunit. Such 
intrinsic enzymatic activity defines K AXP channels not 
only as passive targets responding to alterations in 
the cellular metabolic status, but also as active con- 
tributors to their nucleotide-dependent gating. 
Therefore, modulation of the channel ATPase activ- 
ity and /or of metabolic systems that scavenge the 
product of the ATPase reaction provides a novel 
means of regulating vital cellular functions associ- 
ated with K ATP channel opening. (fj] 
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